A 25 Gbits/s error-free on-off-keying (OOK) wireless link between an ultra high-speed W-band photonic transmitter-mixer (PTM) and a fast W-band envelope detector is demonstrated. At the transmission end, the high-speed PTM is developed with an active near-ballistic uni-traveling carrier photodiode (NBUTC-PD) integrated with broadband front-end circuitry via the flip-chip bonding technique. Compared to our previous work, the wireless data rate is significantly increased through the improvement on the bandwidth of the front-end circuitry together with the reduction of the intermediate-frequency (IF) driving voltage of the active NBUTC-PD. The demonstrated PTM has a record-wide IF modulation (DC-25 GHz) and optical-to-electrical fractional bandwidths (68-128 GHz, ~67%). At the receiver end, the demodulation is realized with an ultra-fast W-band envelope detector built with a zero-bias Schottky barrier diode with a record wide video bandwidth (37 GHz) and excellent sensitivity. The demonstrated PTM is expected to find applications in multi-gigabit shortrange wireless communication.
Introduction
The growing demand on the applications of high-speed wireless communication [1] , e.g. highdefinition multimedia interface (HDMI) 1.4 [2] and wireless linking for 3-dimensional (3-D) super high-definition television (SHDTV) [3] , leads to an exploration of the carrier-wave frequency up to millimeter-wave (MMW) regime. In October 2003, the Federal Communications Commission in the United States released a 13-GHz bandwidth in the band ranging from 70 to 95 GHz, which locates at around W-band (75-110 GHz), for high-density fixed wireless communication with multi-gigabit speed [4, 5] . Compared with the license-free MMW band at 60 GHz, the transmission windows at W-band have a much lower propagation loss and a broader bandwidth [4] . These advantages let such two newly released MMW windows be more suitable for the outdoor wireless communication [4] . To date, several wireless front-end key components for multi-gigabit wireless communication systems have been developed with the advanced indium phosphide (InP) based high-speed ICs operating at 120 GHz [6] or greater than 300 GHz [7, 8] . However, unlike the often used wireless channels in the microwave regime, e.g. 0.3-3.5 GHz, the electromagnetic waves at MMW frequencies suffer from substantial path loss and have poorer penetration through buildings due to their inherent straight-line path of propagation [1] . A promising solution to resolving this problem is the radio-over-fiber (RoF) technique [3, [9] [10] [11] [12] [13] . With the RoF technique, the MMW carrier and the intermediate frequency (IF) signal are simultaneously distributed through a low-loss optical fiber, and the signal-modulated MMW is delivered to end-users through free-space radiation at the last-mile. Accordingly, the network coverage is greatly extended by the optical fiber backbone with a large number of fiber-connected pico/femto cells [14] . The key to the hardware realization of this system is the development of a high-speed integrated photonic transmitter (-mixer) (PTM) [15, 16] together with an ultra-fast and highly sensitive receiver (envelope detector) [17] . With regards to MMW signal modulation, the schemes, such as on-off-keying (OOK) [3, 10, 18] , ultra-wideband (UWB) [19, 20] , and optical orthogonal frequency-division multiplexing (OFDM) [11, 21] , have been adopted for the ultrafast photonic communication. Compared to the OFDM, the OOK suffers from the multipath fading and is vulnerable to undesired signals. However, its simplicity leads to a low-cost photonic receiver. Specifically, the high-power MMW amplifier together with the local oscillator is required for the OFDM-based receiver. In contrast, an envelope detector using a homo-dyne technique can be employed as the OOK-based receiver, and the multipath fading can be alleviated with an employment of high-gain transmitting and receiving antennas. In this paper, an OOK wireless linking with record error-free data rate as high as 25 Gbit/sec at W-band is realized by use of two newly demonstrated key components. One is the PTM with state-of-the-art performances in terms of record-wide fractional O-E bandwidth (68-128 GHz, ~65%) and intermediate-frequency (IF) modulation bandwidth (26 GHz) [22, 23] and the other is an ultra-fast W-band envelope detector with record-wide video bandwidth (37 GHz). This paper is organized as follows. Section 2 details the abovementioned improvement on the PTM, which includes the design of passive front-end circuitry and active near-ballistic uni-traveling carrier photodiodes (NBUTC-PDs). Section 3 briefly addresses the ultra-fast performance of envelope detector in the receiver-end. Section 4 presents the experimental verification of the proposed PTM along with a wireless transmission experiment for effectiveness demonstration of the integrated PTM together with the envelope detector. Finally, Section 5 draws the conclusion and outlines the future works. Figure 1 shows the schematics of system configuration and building blocks of the demonstrated PTM and Fig. 2 shows the top view and bottom view of the fabricated PTM. In Fig. 1(a) , the entire PTM mainly comprises a diced NBUTC-PD with a 40 μm 2 active area, front-end passive circuitry, and a dipole-based waveguide feed. In order to realize a fully integrated PTM module with both wide O-E and simultaneous up-conversion IF modulation bandwidth (IMB), we incorporated an additional W-band band stop filter (BSF, RF choke) and band pass filter (BPF) with the dipole based radiator, as shown in Fig. 1(b) , and the detail of such circuit topology can be referred to our previous work [18] . Compared with our previous work, in order to further speed-up the transmission data rate [18] , an improved design in RF choke (BSF), which seriously limits the IF modulation bandwidth (IMB) of the PTM, is demonstrated here as follows. First, there is a major transmission-line structure difference between the RF choke presented herein and the one demonstrated in our previous work [18] . As depicted in Fig. 3 , the RF choke is on the AlN substrate with a backside metal employed for the aforementioned heat-sinking improvement of the NBUTC-PD. That is, the conductor-backed slot line [24] is employed for the RF choke design. Compared to traditional slot lines, the transmission line of this kind suffers from relatively high substrate loss. However, as depicted in Fig. 1(a) , the choke is covered with the layered structure of the NBUTC-PD. In this case, the InP epitaxial layers of the active NBUTC-PD chip appear to be the superstrates of the conductor-backed slot line structure. As demonstrated in [25] , the superstrate appears to be an avenue for reduction of the substrate loss.
NBUTC-PD based PTM
(a) (b) Figure 4 shows the proposed configuration and the corresponding dimensions of the RF choke. It is shown that the RF choke is designed with the series slot-line short stubs of different characteristic impedance. Specifically, the rightmost (shortest) one has a characteristic impedance of 30 Ω and is quarter-wavelength long at 70 GHz; the middle one has a characteristic impedance of 32 Ω and is quarter-wavelength long at 90 GHz; the longest one has a characteristic impedance of 34 Ω and is quarter-wavelength long at 105 GHz. Each short stub aims for the introduction of a transmission zero at the location (frequency) where the stub length is quarter-wavelength long. The simulated S-parameter data of this choke obtained with the finite-element based fullwave solver, HFSS, are shown in Fig. 5 . It is clearly seen that the three cascaded short stubs corresponds to three transmission poles, i.e. the three nulls of the |S 21 |, over the W band. As a result, the entire W-band rejection is greater than 20 dB, and the insertion loss is less than 1 dB for the frequencies less than 25 GHz. Also, the return loss is greater than 20 dB for the frequencies less than 15 GHz. The three nulls are slightly downshifted compared to the abovementioned zero locations owing to the mutual coupling between the adjacent stubs. The increase of return loss at around each zero location is owing to an increase of radiation loss from the corresponding quarter-wavelength stub.
In order to get an overall enhancement of device performance in terms of modulation speed and saturation power, an improvement in active device (NBUTC-PD) is also realized. Here, the epi-layer structure of the employed NBUTC-PD is different from the one adopted in our previous work [26, 27] . Specifically, the collector layer thickness is reduced from around 450 to 155 nm. This thickness reduction results in a significantly lower IF driving voltage for the bias modulation, which increases the extinction ratio of transmitted data, as well as enhances the output saturation power [28] under a lower required bias voltage, which would be more close to the optimized operation point for bias modulation and will be discussed in detail latter. With a 50 Ω load, the 3-dB O-E bandwidth of the active NBUTC-PD is around 250 GHz, and the responsivity and the saturation current are about 0.08 A/W and 17 mA, respectively [28] . Our achieved responsivity is higher than that reported for UTC-PDs (0.08 vs. 0.03 A/W) having a smaller O-E bandwidth than that of our device (~170 [29] vs. 250 GHz) for THz high-power generation. The superior responsivity of our device to UTC-PD is mainly due to the thicker absorption layer (150 vs. <100 nm) and flip-chip bonding package of our device [28] . However, this is not to say that there is no penalty associated with the collector thickness reduction. Below, the resulting two penalties are discussed. First, the reduction of the collector layer thickness leads to a penalty of a decreased RC-limited bandwidth. Fortunately, this penalty can be alleviated by a proper reduction of the device active area [28] . Nevertheless, the downscaling of device active area hinders its heat dissipation, which is a serious problem of device during high-power operation [27] . Fortunately, due to the reduction of the depletion layer thickness, the required reverse bias voltage is reduced for the desired high saturation current as compared to the device B with a thicker collector layer [28] . As a consequence, the thinner collector layer leads to a reduction in total consumed electrical power under high power operation, which thus minimizes the increase in heat density and the possibility of thermal failure for a miniaturized NBUTC-PD. Furthermore, for a higher power operation, the heat-sink of the device A is further improved with a thin metallic film imprinted on the back of the substrate as depicted in Fig. 1(a) and Fig. 2 . With the improvements in both active NBUTC-PD and the proposed passive RF Choke, the simulated and measured IF modulation response of the entire PTM shows a significant improvement, which will be discussed latter.
Ultra-fast envelope detector
For a high-speed wireless link, the demodulation calls for a fast envelop detector. Here, the fully-customized zero-bias detector (G-series ZBD) with a compact WR-10 waveguide housing (Fig. 7(a) ) by Virginia Diodes Inc. is employed for the demodulation. The detailed design about this detector (G-series ZBD) was described in [31] . Here, the measured IF output power of this detector compared with the one of the standard ZBD is shown in Fig. 7(b) . Note that the details on the measurement of the detector IF response can be found in [23] . It is shown that the measured video bandwidth of the ZBD is up to 37 GHz, which is drastically greater than that of the standard detector (15 GHz). To the best of authors' knowledge, the employed envelop detector has the largest IF modulation bandwidth among all the reported ones employed for the MMW applications [3, 17] . 
Measurement results
The measurement setups for the O-E and IF responses of the PTM were detailed in [18] . The measured O-E response of the PTM based on the device A or B with a comparison to the simulated one is demonstrated in Figs. 8(a) and 8(b), respectively. Note that the 0-dB reference of all frequency responses is defined as the output power from an ideal photodiode, viz. the 50 Ω loaded photodiode with an infinite bandwidth, illuminated by an ideal sinusoidal optical source (100% modulation depth). As a result, the measured and simulated results are in reasonably good agreement. Specifically, the measured 3-dB O-E bandwidth of the PTM with the device A ranges from 68 to 128 GHz, excluding a small fraction of the band from 70 to 76 GHz. This out-of-band peaking at around 70 GHz has no significant impact on the PTM at W-band. The corresponding fractional bandwidth is up to 65%. Here, the fractional bandwidth of our device is defined as the measured 3-dB O-E bandwidth, as shown in Fig. 8 , divided by the central frequency of W-band at 93 GHz. Compared with using the number of absolute O-E bandwidth, to use the value of fractional bandwidth is usually more preferred for evaluating the broadband performance of device. This is due to the fact that the absolute bandwidth of device is usually increased with the rise in its operating central frequency. In order to more fairly compare the broadband characteristic of PTs with different operating central frequency reported by other groups [3, 10] , we thus adopted such parameter (fractional O-E bandwidth). Indeed, the achieved fractional bandwidth here is further extended compared to the one of our previously reported PTM without the enhanced heat-sinking design [18], i.e. the design without the backside metal. As for the PTM with the device B, the measured 3-dB O-E bandwidth is from about 70 to 115 GHz, and the fractional bandwidth is slightly smaller than the one of the PTM with the device A. Furthermore, compared with the output power from a ideal photodiode (0 dB reference point), the coupling loss for the MMW power delivered from the planar dipole-based feeding antenna to WR-10 waveguide of both devices is around 3.5 dB in a wide frequency range (68-128 GHz) is achieved. Next, the measured and simulated IF modulation responses of the PTM with the device A or B are respectively demonstrated in Figs. 9(a) and 9(b) . In the measurement, the optical 77 GHz LO signal is generated by the two-laser heterodyne beating technique. The injected IF (DC to 30 GHz) power is 2 dBm. The resulting up-converted RF signal (77 GHz + IF) is sent to a RF spectrum analyzer connected to a down-convert mixer (OML M10HWD). It is shown that the measured IF modulation responses are in good agreement with the simulation ones. Note that the DC bias provided in the figure is the device DC bias for the operation at a maximum IF modulation bandwidth. The measured 3-dB IF modulation bandwidth is around 26 GHz, which is nearly two (26 vs. 14 GHz) and four (26 vs. 7 GHz) times greater than the one reported in [18] and in [32], respectively. Furthermore, the required DC bias for the device A is significantly smaller than that of the device B (−1.1 vs. −1.9 V) for the maximized modulation bandwidth operation owing to the above-mentioned thin collector design. Figure 10 shows the photonic-generated MMW power versus the photocurrent of the PTM based on the device A or B with/without the backside metal design. Here, the dashed line corresponds to the output power from a 50 loaded ideal photodiode. Consequently, the P 1dB saturation current of the device B with the backside metal is significantly increased from 14 to around 17 mA [18, 22] . The lifted saturation current indicates that the backside metal design essentially improves the high-power performance of the PTM. On the other hand, due to the thin collector layer design, the device A exhibits a relatively large saturation current (>18 mA vs. 17 mA) even under a lower reverse bias voltage (−4 vs. −2V). The superior high power performance under a smaller reverse bias voltage would greatly benefit the transmission performance by use of the bias modulation technique, which will be discussed latter. This is because that the optimized operation point for bias modulation performance happens at a small reverse bias voltage (~-2V), as shown in Fig. 6 . Figure 11 shows the experimental setup for the wireless data transmission. Here, compared with those of the homodyne beating optical source [9] , a relatively simple two-laser heterodyne-beating system is adopted for the optical MMW (W-band) source generation. As for the data transmission, the 25 Gbits/sec data signal is directly used for bias-modulating the PTM. Such remote-up conversion RoF scheme would minimize the problem of dispersion of optical LO signal carried with broadband data envelope in fiber transmission [13, 18] . In the experiments, the optical LO frequency is fixed at the center of W-band (~93 GHz) to obtain the maximum IF modulation bandwidth for both the upper/lower side bands of OOK data transmission. By changing the modulation format of injected signal for bias modulation, our proposed scheme can also be used for more advanced modulation format, such as 8 phaseshift-keying (8-PSK), as reported in our previous work [33] . As depicted in Fig. 11 , the receiver end comprises a W-band horn antenna, a W-band low-noise-amplifier (Millitech, LNA-10-02150), and the G-series fast detector for MMW power detection. The downconverted signal is further amplified, recorded, and analyzed by an IF amplifier, high-speed sampling scope, and an error detector, respectively. During our transmission measurements, the length of single-mode fiber (SMF) for delivering the optical LO signal (~93 GHz) is fixed at around 5m. For our proposed setup, different lengths of SMF would not have significant influence on our wireless transmission performance [33] . This is because that we only transmit the single-frequency LO signal at ~93 GHz through fiber without broadband data signal, which is directly fed into our NBUTC-PD for bias modulation. Due to the narrowband nature of single-frequency carrier wave, the dispersion penalty for a long-reach fiber transmission distance (even up to 100 km) may not be a serious issue in our case [33] . Figure  12(a) shows the -log (BER) at 20 Gbits/sec (PRBS: 2 15 -1) versus wireless transmission distances of the PTM with the device A at a fixed output photocurrent of 15 mA, and the one built with our previously demonstrated transmitter and a standard WR-10 ZBD from VDI [18] is given for comparison. It is shown that the transmission distance is drastically improved. On the other hand, the corresponding error-free 20 Gbit/sec eye-pattern at around 2.5 m transmission distance is provided in Fig. 12(b) . As a result, the transmission distance of the error-free 20 Gbits/sec OOK wireless is up to 2.5 m. Indeed, the achieved data rate (20 vs. 16 Gbits/sec) and wireless transmission distance (2.5 vs. 0.5 m) outperform the ones of the reported UTC-PD based photonic transmitter operated at 300 GHz [3] . Again, this improvement is attributed to the increase in the sensitivity and video bandwidth of the receiver (fast power detector) together with the extension of the IF modulation bandwidth of the front-end circuitry. On the other hand, Fig. 13 shows the measured eye-patterns of the 20 Gbits/sec OOK wireless link using the PTM with the device A or B in a back-to-back (BTB) configuration, i.e. the measurement setup without the use of the horn antenna and the W-band LNA. In the measurement, the same output photocurrent (10 mA) and the same IF driving voltage (1 Vpp; peak-to-peak driving voltage) are ensured, and the DC bias for the devices A and B is −1.1 and −1.9 V, respectively. In Fig. 13 , the device A exhibits around 9 times larger eye-height than that of the device B. The superior eye-opening performance of device A to device B, can be attributed to its smaller required AC driving voltage and higher saturation power performance under a lower required reverse DC bias voltage (−2 vs. −4V), as discussed in Fig. 6 and 10 , respectively. Compared with that of device B, the required DC bias voltage of device A (−2V) for high-power operation is more close to the operation point for its optimized bias modulation performance (−1.1 V), as shown in Fig. 9 . Figure 14(a) shows the -log (BER) at 25 Gbit/s (PRBS: 2 15 -1) versus transmission distances realized with the PTM based on the device A at a fixed output photocurrent at 15 mA. During such measurement, the W-band LNA of a channel bandwidth up to 16 GHz is removed in order to attain a higher data rate than 20 Gbit/sec. The corresponding error-free 25 Gbits/sec eye-pattern at around 0.3 m transmission distance is shown in Fig. 14(b) . As a result, the transmission distance of an error-free 25 Gbits/sec link is 0.3 m. Table 1 summarizes the performance of recently reported (sub-) MMW wireless data transmission. Specifically, the operation band/frequency, data rate, and modulation scheme of each work are provided for comparison. As listed in Table 1 , the OOK-based link demonstrated herein is of the record high error-free data rate [3, 10, 18, [34] [35] [36] . 
Conclusion and future work
By using the active NBUTC-PD with a thin collector layer together with the improved Wband front-end circuitry of RF choke, the demonstrated W-band PTM exhibits higher saturation power, higher modulation efficiency, and ultra-wide IF and O-E bandwidths. On the other hand, the effectiveness of the PTM is verified via a demonstration of an error-free 25 Gbits/sec OOK wireless data transmission. The proposed photonic transmitter is expected to find applications in the multi-gigabit wireless communication.
